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Since the discovery of nitric oxide (NO) as a vasoactive molecule, red blood cells 
(RBC) have been considered to participate in NO-mediated control of the 
circulation. The classical role attributed to RBC was scavenging of NO, thereby 
impacting the local bioavailability of this important regulator of vascular tone1. 
RBC have been shown to be a source of NO, primarily via its transport bound to 
haemoglobin2, 3. Under specific conditions, haemoglobin plays an active role in 
converting NO derivatives (e.g., nitrite) to NO4, 5, with this NO originating from 
RBC being an effective modulator of vascular smooth muscle tone6. Interestingly, 
RBC contain a NO synthase (NOS) protein7, can actively synthesize NO using L-
arginine as a substrate8, and can export NO under appropriate conditions8, 9. It has 
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been previously hypothesized that RBC NOS may be activated by shear forces 
acting on the cell10, and we have recently shown that RBC NOS phosphorylation 
can be enhanced by subjecting RBC in suspension to shearing forces9: NO 
concentration in the suspending medium was increased subsequent to flow of RBC 
suspensions through five µm pores11. We have now directly demonstrated 
increased RBC NOS activity and intracellular NO levels in immobilized RBC 
exposed to well-defined fluid shear stress. Immunostaining for serine 1177 
phosphorylation and the NO-sensitive fluorescent probe diaminofluorescein were 
employed. Our results suggest that RBC deformation in constricted vessels may 
increase NO levels and favor vasodilation, thereby providing an important role for 
RBC in regulating the circulation.    
 
RBC loaded with L-arginine and 4 amino-5-methylamino-2',7'-difluorescein diacetate 
(DAF-FM) were attached to poly-L-lysine coated glass slides and exposed to shear 
stress in a rectangular flow chamber. DAF-FM reacts with intracellular NO to form 
fluorescent benzotriazole with the fluorescence level closely reflecting intracellular NO 
concentration12, 13. This fluorescent probe has been used to monitor alterations of 
intracellular NO concentrations induced by mechanical stress in single osteoblasts14. 
Figure 1.A presents a typical intensity-time record of fluorescence from several RBC in 
the absence (Figure 1.B) and presence (Figure 1.C) of 0.1 Pa shear stress. The increased 
fluorescence of benzotriazole originating from DAF-FM reacting with nitric oxide 
indicates that NO generation is enhanced in RBC subjected to shear stress.  
Fluorescence at 30 s after the start of flow increased by ~3% compared to no flow, then 
further increased during flow to 3.66 ± 0.74 % at 60 s and 4.91 ± 0.81 % at 120 s (n= 8, 
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p<0.001). When fluid flow was stopped after 120 s, fluorescence exhibited a slow 
decrease at a rate of 0.06 ± 0.005 %/min during the following 8 minutes (Figure 1.A). 
The fluorescence level of similarly prepared RBC loaded with L-arginine and DAF-FM 
did not change significantly over this period if shear stress was not applied (data not 
shown). In a separate series of experiments, shear stress was continuously applied to 
RBC and fluorescence monitored over 8 minutes; fluorescence continued to increase 
during the entire period reaching 15.3 ± 1.9 % greater than the pre-stress level (n=8; 
p<0.0001).  
 
The continued increase of fluorescence during prolonged exposure (i.e., > 60 s) to 
constant stress may not mean that NOS activity also gradually increases during this 
period, but rather may reflect an intracellular accumulation of fluorescent DAF 
derivatives together with continued NOS activity at an elevated but steady level. Similar 
patterns of DAF-related fluorescence have been reported for other cell types with 
induced NOS activity13, 14. The fluorescence level at a given time point is determined by 
the balance between the formation rate of fluorescent benzotriazole by DAF-FM 
reacting with NO or its derivatives and the loss of fluorescence due to photobleaching14. 
The decreased level of fluorescence following stoppage of flow (Figure 1.A) could thus 
reflect a dominant effect of photobleaching rather than RBC NOS activity declining in 
the absence of shear stress. Due to this complication it is not possible to exactly 
determine the time course of RBC NOS activity during prolonged exposure to stress, 
and therefore fluorescence levels measured 60 s after the application of shear stress 
were used as an indicator of NOS activity in further studies. 
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The level of fluorescence increased with applied shear stress. Figure 2 presents this 
increase at 60 s for RBC exposed to shear stresses of 0.013 to 0.1 Pa.  Fluorescence was 
significantly enhanced over the entire range of shear stresses with the increases at each 
stress level significantly different from each other (Figure 2). These findings strongly 
suggest that the increments of intracellular NO levels (i.e., fluorescence) were related to 
activation of RBC NO synthesizing mechanisms8. Further experiments were conducted 
to confirm the contribution of enzymatic mechanisms (i.e., NOS) to the increases of 
intracellular NO.  L-arginine, the substrate for NOS, contributes to this response.  
Figure 3.A indicates that, compared to control experiments with added L-arginine, the 
fluorescence increase was significantly lower if RBC were not pre-treated with L-
arginine (1.62 ± 0.39 %. P<0.05) but was still significantly higher than pre-stress levels 
(p<0.01). It is not possible to assume that L-arginine was totally absent in RBC which 
were not pre-treated with this agent, and therefore the observed increase of NO-related 
fluorescence may still reflect some L-arginine dependent enzymatic synthesis of NO.  
However, the marked enhancement of this response by added L-arginine strongly 
supports involvement of the NOS enzyme8. 
 
Experiments with L-N-acetyl-methyl-arginine (L-NAME), the competitive inhibitor of 
the NOS enzyme15, 16, further support the involvement of NOS. The increase of 
fluorescence induced by shear stress was significantly reduced to 1.46 ± 0.32 % 
(p<0.01) in the presence of L-NAME (Figure 3.B). However, the resulting level of 
fluorescence was still significantly greater than pre-stress values (p<0.01). Since the 1 
mM concentration of L-NAME that was used is sufficient for complete inhibition of 
5 
NOS17, the results in Figure 3.B may indicate additional mechanisms for NO generation 
in RBC.   
 
Activation of the NOS enzyme in endothelial cells18 and in RBC8 has been shown to 
depend on increased cytosolic calcium concentration. It has also been observed that NO 
export from RBC under mechanical shearing is influenced by extracellular calcium11. 
Experiments conducted with an extracellular medium having no added calcium and 
containing the calcium chelator ethylenediaminetetraacetic acid (EDTA) indicated a 
pattern similar to L-NAME: the increase of NO-related fluorescence at 60 s at a stress 
level of 0.1 Pa (0.83 ± 0.26 %) was significantly lower than control (p<0.01) but still 
significantly higher than pre-stress values (Figure 3-C). 
 
NOS enzyme activity is controlled by phosphorylation of the protein at various sites, 
including serine at position 1177 and threonine at position 49518, 19. Serine 1177 
phosphorylation has been shown to be associated with increased NOS activity and 
enhanced NO generation in endothelial cells18, 20 and in RBC8, 9. Increased 
immunostaining of serine-1177 phosphorylated NOS protein was also observed in the 
current study for RBC exposed to 0.1 Pa shear stress for 60 s. Figures 4 A-D present 
fluorescent microscopic images of RBC immunostained with serine 1177 
phosphorylated NOS antibodies, together with a semiquantitative analysis of such 
images (Figure 4.E). RBC were classified as no, moderate or intense immunostaining as 
indicated by arrows on Figures 4.A and 4.C. Figure 4.A and B are the control 
experiments prior to shear with the flow chamber filled with either calcium-containing 
PBS (A) or EDTA-containing, calcium free PBS (B). Figure 4.C shows RBC exposed to 
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0.1 Pa fluid shear stress for 60 s in a medium containing 1 mM calcium: 42% of the 
RBC were intensely immunostained while ~50% were moderately immunostained.  
Figure 4.D also shows RBC exposed to 0.1 Pa for 60 s but in a calcium-free medium 
containing EDTA: only 4% of the RBC were intensely immunostained while ~60% 
remained nonstained.  These immunohistochemistry results indicate that the presence of 
extracellular calcium markedly influences NOS activation in RBC subjected to shear 
stress. However, a lower level of activation can occur in the absence of calcium. 
Calcium-independent activation mechanisms for endothelial NOS activity are well 
documented19 and are also hypothesized to be functional in RBC10; the results of the 
present study support the existence of a calcium-independent pathway for shear-induced 
NOS activation in RBC. 
 
RBC have been identified as an important part of NO-related vascular control 
mechanisms for many years, although details of the enzymatic synthesis of NO in RCB 
have only been explored during the past decade8, 10, 17. The results presented herein 
provide clear experimental evidence for the role of shear stress in the regulation of 
intracellular NO production. In the in vivo circulation RBC are exposed to various levels 
of shear stress depending on the local flow regime. Increased flow resistance, especially 
at the microcirculatory level, may lead to enhanced shear forces. In turn, these increased 
shear forces may enhance generation and export of NO, thereby reducing vascular 
smooth muscle tone and vascular flow resistance. This hypothesized mechanism based 
on our findings may represent an important regulatory role attributable to RBC. Note 
that NO generated by RBC may potentially affect RBC mechanical properties17 as well 
as vasomotor tone6.  It is obvious that the exact role of RBC NO-synthesizing 
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mechanisms in the overall control of circulatory functions remains to be determined in 
both healthy individuals and various pathophysiological processes: such future studies 
may provide clinically-relevant data for possible alterations in RBC NO synthesis and 
may yield new therapeutic strategies. 
 
Methods 
Heparinized, venous blood samples were obtained from healthy, human male 
volunteers. Leukocytes were removed as described previously9. RBC pellet was washed 
three times and re-suspended with calcium- and magnesium-free phosphate buffered 
saline (PBS, 290 mOsm/kg, pH = 7.4) at a hematocrit of 0.01 l/l. Suspensions were 
incubated with 4 µM 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAF-
FM, Molecular Probes Inc., Eugene, Or, USA) for 60 minutes, then washed three times 
with PBS. Suspensions were incubated for an additional 30 minutes for de-esterification 
of DAF-FM. For some experiments, L-NAME (1 mM) and/or L-arginine (1 mM) were 
also added to the suspensions.  
 
RBC suspensions were introduced into a rectangular flow chamber (Glycotech,, USA) 
and allowed to settle onto a cover slip coated with poly-l-lysine as the bottom surface. 
Non-adhered cells were removed by gentle flow of the perfusion medium. A 0.250 mm 
thick silicone gasket separated the top of the chamber from the bottom surface; a 
rectangular cutout area of the gasket formed the flow channel. The chamber was placed 
on a fluorometric system consisting of an inverted fluorescent microscope (IX71, 
Olympus, Japan) equipped with a photomultiplier tube fluorometric system (Ionoptix 
Inc., USA). Emitted fluorescence from a given population of RBC in a selected 
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microscopic field (25 – 40 RBC per field) was recorded at wavelengths of 510 to 550 
nm at a sampling rate of 1 Hz using 390 nm excitation. 
 
Shear stress was applied to the RBC by pumping PBS through the flow channel at a 
calculated volumetric flow rate21. PBS with calcium (1 mM) or PBS with EDTA (4 
mM) and no added calcium was used for perfusion of the flow chamber.  
 
RBC exposed to 0.1 Pa shear stress for 60 s were immunostained with polyclonal rabbit 
antibodies against serine1177-P-eNOS (Cell Signalling, Boston, USA) and analyzed  by 
semiquantitative approach as described previously9. 
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Figure Legends 
Figure 1. Fluorescence level of the DAF-FM - NO complex in RBC exposed to 0.1 
Pa shear stress (A). The first vertical arrow marks the start of shear stress 
application (i.e., flow) and the second indicates flow stoppage. The lower panels 
are phase-contrast microscopic images of the RBC population from which 
fluorescence was recorded prior to the application of shear stress (B) and during 
application of shear stress (C). The horizontal arrow indicates the direction of flow. 
 
Figure 2. Increase (%) in NO concentration-related fluorescence of RBC exposed 
to various levels of shear stress. Data are for fluorescence recorded 60 s after 
applying shear stress. †,††: Difference from pre-stress (zero) level (p<0.05 and 
p<0.01 respectively).  *, **: Difference from experiments with 0.1 Pa shear stress 
(p<0.05 and p<0.01 respectively).   
 
Figure 3. Increase  (%) in RBC NO concentration-related fluorescence exposed to 
0.1 Pa at 60 s after onset of flow. A: Without added L-Arginine. B: in the presence 
of 1 mM L-NAME . C: in the presence of 4 mM EDTA. In each panel the control 
column represents experiments on RBC pre-loaded with 1 mM L-arginine. RBC 
used in experiments with L-NAME and EDTA (B,C) were also pre-loaded with L-
arginine. †,††: Difference from pre-stress (zero) level (p<0.05 and p<0.01 
respectively). *,**: Difference from control  (p<0.05 and p<0.01 respectively).  
 
Figure 4. Serine 1177 phosphorylated NOS immunofluorescent staining of RBC 
not exposed or exposed to 0.1 Pa in the presence or absence of extracellular 
calcium.  A: RBC in PBS containing 1 mM calcium and not exposed to shear 
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stress. B: RBC in PBS containing 4 mM EDTA (i.e., no calcium) and not exposed 
to shear stress. C: RBC exposed to 0.1 Pa stress in the presence of 1 mM calcium. 
D: RBC exposed to shear stress in PBS containing 4 mM EDTA (i.e., no calcium). 
E: semiquantitative evaluation of immunostaining of RBC. Immunostaining level; 
n: none; m: moderate; i: intense. Note that there were no intensely-stained RBC in 
the absence of shear stress. In panel E “Calcium” indicates the presence of 1 mM 
calcium and “EDTA” indicates the presence of 4 mM EDTA and no added 
calcium. Data are mean + standard error of three experiments. *,***: Difference 
from corresponding bar for “Calcium”  (p<0.05 and p<0.001 respectively). 
 
 
 




